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I. INTRODUCTION, ABSTRACT, AND SUMMARY

This report will cover the work performed from 1 January 1974

through 30 June 1974 on Grant NGL 03-002-019 between the University

of Arizona and the National Aeronautics and Space Administration.

This contract was setup to support the development of new

types of detectors for analysis of planetary atmopsheres. Initially,

the interest was in detectors for use under partial vacuum conditions;

recently, the program has been extended to include detectors for use

at one atmosphere and adsorption systems for control and separation of

gases.

Results to date have included detectors for 02 and H2 under

partial vacuum conditions (publications 1, 3, 4). Experiments on

detectors for use at high pressures began in 1966; and systems for CO,

H2 , and 02 were reported in 1967 and 1968 (publications 8, 11). In

1968 studies began on an electrically controlled adsorbent. It was

demonstrated that under proper conditions a thin film of semiconduc-

tor material could be electrically cycled to adsorb and desorb a

specific gas. This work was extended to obtain quantitative data on

the use of semiconductors as controllable adsorbents (publications

11, 12).
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In 1968 a new technique for dry replication and measurement of

the thickness of thin films was developed. A commercial material,

Press-O-Film, was shown to be satisfactory when properly used. This

technique is most useful for studies of semiconductor thin films where

normal interference techniques are not practical because of the non-

reflective nature of the film (publication 13).

During the period from 1968 through 1971 the Carbon Monoxide

Detector, first demonstrated on the NASA program (publication 8),

was refined and improved for use by the Department of Health,

Education and Welfare.

In 1969 studies began on a Corona Discharge Detector for water

vapor. This system was shown to be rapid in response, suitable for

continuous operation, and reasonably linear in output (on a logarith-

mic plot) from 10 percent relative humidity to 95 percent relative

humidity. A program to develop this detector for hydrological applica-

tions began in 1970 but was temporarily dropped because of limited

user interest.

In 1970 we began an investigation of the catalytic oxidation

of various gases, i.e., CO, NH3 and H2 over metallic catalysts. We

demonstrated that the rate of reaction could be observed and controlled

in terms of the exoelectron emission from the catalyst (publication 16).

In 1971 this study was directed to the extended monel metal catalysts

used for auto exhaust emission control and for spacecraft atmospheric

purification (publication 20).
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In 1971 we began the study of a new technique for analysis of

solid materials. This system involved heating or grinding the sub-

stance and observing the induced exoelectron emission. This effect

is known as Temperature Stimulated Exoelectron Emission (TSEE). One

application of this phenomenon to observation of grinding processes

has been published (publication 18).

Other applications of the exoelectron phenomenon to dust levi-

tation and industrial health are under study at the present time. There

may be a direct correlation between the exoelectron emission we observe,

after grinding,and the effect of the ground silica on red blood cells.

II. SUMMARY OF WORK IN THE PAST SIX MONTHS

A. Catalytic Studies

The original program involved a demonstration that exoelectron

emission could be used to monitor and partially control the rate of

a catalytic reaction; the details of the work have appeared in the

literature (publication 16). We have expanded this work to demonstrate

that the technique can be used to monitor the monel catalyst that is

used for automotive smog reduction. A Letter to the Editor discussing

this work has appeared in the Journal of the Society of Automotive.

Engineers (publication 20).

In the past six-month period we have begun a series of studies

of catalytic reactions at atmospheric pressure. The rationale for this
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is twofold; first we want to demonstrate that EEE can be used to monitor

catalytic reactions at atmospheric pressure. Another area of interest

is the application of our catalyst monitoring system to the smog burners

used in submarines and spacecraft for control of carbon monoxide. If

progressive failure of the catalyst is not detected early, the mission

may have to be aborted because of the buildup of CO in the vehicle

environment.

The experimental apparatus used for this study is shown in the

attached Figure 1. Air is drawn in by a fan and mixed with the gas

under study (the mixture ratio is held below the explosive limit by a

series of precision flowmeters). The mixture is sampled by the mass

spectrometer and allowed to pass over the catalyst. The EEE from the

catalyst is monitored by the usual battery and picoammeter system. The

gas mixture is sampled again, after reaction, to determine the reaction

constant for the system.

Experiments to date have made use of an electrically heated

palladium catalyst. The catalyst is wound on a ceramic support and a

thermocouple is positioned for temperature control. The catalyst is

heated by AC current via a transformer. The catalyst can be held at

DC ground or floated for observation of EEE effects.

Typical results with CO/air mixtures are shown in Figure 2

where we have plotted the EEE current versus catalyst temperature for

a series of CO/air mixture ratios. There is a definite correlation

between the temperature, mixture ratio and EEE current in agreement

with the results reported earlier in publication 16.
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Similar results with methane/air mixtures are shown in Figure 3.

These experiments were complicated by our use of natural gas, from the

El Paso Gas Co., as a source of methane. Natural gas is 99% methane

with the remainder being complex hydrocarbons of the ethane series.

These gases have no odor and mercaptans are added to alert citizens

to leaking gas. The mercaptans contain sulfur and have periodically

poisoned our catalyst when the gas/air ratio exceeded 2%. We have

added a charcoal filter to the system to remove mercaptans and the data

of Figure 3 was taken with filtered gas. Once again there is a clear

and reproducable relationship between the mixture ratio, catalyst

temperature and EEE current.

In the next six-month period we plan to repair the mass spec-

trometer (parts have been ordered) and obtain correlations between the

EEE currents shown in Figures 2 and 3 and the rate of reaction of the

gas/air mixtures. This will settle any question of the application of

EEE to monitoring catalysis and should serve to encourage industrial

applications. We have discussed possible uses of this system with

representatives of the Dow Chemical Co. and S. A. Hoenig will visit

the Dow Chemical facility in Freeport, Texas in July 1974.

Another area of interest involves the use of EEE for observa-

tion of catalytic reactions on supported catalysts. Our first studies

will make use of Hopcalite since it is the catalyst used for CO

removal in spacecraft. It will be most interesting to see how these

low conductivity materials behave during catalytic reactions.
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A long-term interest exists in the mechanism of catalysis itself

and to study this we propose to use a strip of palladium on which lines

of known width have been scribed. The scribe marks will be monitored

during the catalytic reaction by a microscope and a 35mm camera. We

hope to relate the smoothing-out of the scribe marks to the motion of

vacancies on the catalyst by the methods of references 1 and 2. Since

vacancy motion is known to result in EEE we will have two techniques for

observing the process and relating it to the rate of reaction.

B. Dust Grinding and Electrification Studies

In the last six months a major effort has been devoted to the

development of instrumentation for analyzing the charge that appears

on dust after grinding. We felt that size effects might be significant

in this process and modified a commercial impaction sampler to allow a

measurement of the charge on the dust after separation has taken place.

The system developed for this purpose is shown in the attached

Figure 3. In a typical experiment a measured quantity of material is

ground and then sucked into the sampler by a vacuum pump. After separa-

tion is complete the pump is shut off and the sequential readings are

taken of the dust charge at four levels in the sampler. Typical results

of this work are shown in the attached Figures 4, 5, 6, 7, 8, 9, 10 and

11. The specimens for this study were provided by Mr. John Cable of

the NIOSH laboratories in Cincinnati, Ohio as examples of common industrial-

geological materials.
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Examining these figures, it is interesting to note that in

every case but one, the 1 micron (respirable fraction) is negatively

charged while the larger dust particles are either positive or neutral,

(magnetite is the exception). These experiments suggest that there is

a significant variation in particle charge as a function of size.

similar results were reported by Loeb3 , based upon the work of Kunkel4

In Kunkel's experiments ground silica flowed into a silica or platinum

cup and then into the charge measurement system. With pure silica and

a silica cup the dust was essentially neutral at all size levels. With

a platinum cup there was an excess of negative charge,especially at the

smaller sizes (1 micron). Our work, with typical industrial materials,

suggests an even larger difference between the charge on the small and

the large dust particles. We suggest that this is due to impurities

but this question will require more study before it can be answered.

In other studies we have examined the charge decay of the

respirable material after grinding. The results are shown in the

attached Figure 12, for silica alone, and in Figure 13 for a series of

other materials. It is clear in Figure 12 that the charge on the 1

micron silica is quite stable and electrostatic effects can be expected

for some time after grinding. The decay of other materials (Figure 13)is

more rapid, with the exception of foundry dust. This may be due to the

presence of nonmagnetic iron in the foundry dust. Magnetite is, of

course, highly magnetic but our tests with a small magnet indicated no

magnetic effects in foundry dust. This is most interesting and will

be the subject of further research.
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Other data showing the effects of added iron or aluminum on the

decay of the silica charge is attached, Figure 14. We observe that

iron produced a large initial charge.which decayed rapidly. Aluminum

produced an even more rapid decay which may be connected with the

5
prophylactic effect of aluminum for reduction of silicotic injury .

We are investigating these dust charging effects with the hope of

developing a method for removing respirable dusts from industrial

environments. This work will be supported by another organization but

the overlap between the two programs will be of mutual advantage.

The experimental system that will be used for the dust levita-

tion studies is shown schematically in the attached Figure 15. This

system will allow us to observe levitation process and to sample the

dust at various levels for charge measurement. We hope to determine

the degree of levitation that might be expected under typical atmos-

pheric conditions. If the results are favorable, we will use a vacuum

system to simulate the atmospheric conditions on Mars.

The charged fog generator, shown in Figure 15, will be supplied

by another organization and will be used for the dust removal studies.

In that work we hope to demonstrate that a positively charged fog is

efficient in contacting and wetting the 1 micron respirable particles

that are hard to remove by other techniques. If this work is successful

it will be a major contribution to the improvement of industrial health

in the United States. A paper on this topic was given at the 1974 Miami

meeting of the AIGH. A copy of the paper is attached in the appendix.
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We have made an effort to predict the effect that electrostatic

phenomena might have in keeping dust in suspension. A simplified

mathematical treatment based on the book by Allis and Herlin6 is

attached to this report as an appendix. The results suggest/that even

on earth electrostatic effects might be a significant factor in dust

suspension. This dust suspension phenomena is associated with the

normally negative electric charge of the earth. There have been a

number of observations of a positively charged layer of particles.near

ground level, with a negatively charged layer at a higher altitude7

The work of Israel, cited as reference 7, was a source of this type of

information. In particular, he notes (pg. 453) that haze layers

associated with temperature inversions were negatively charged. Mist

and fog seemed to become more negatively charged as the amount of

humidity in the air increased (pg. 455-6).

Other studies by Criswell have been focused on the levi-

tation of dust grains on the moon because of charging by solar photons.

The dust is quite visible in the photographs returned by Surveyor 7.

Criswell suggests that dust grains as large as 6 microns in diameter

are levitated 30 cm above the lunar surface. We are exchanging data

with Dr. Criswell and if he feels the information is needed we may

undertake a short term study of the charge acquired by various materials

exposed to a simulated solar photon flux.
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C. Other Activities in the Laboratory

The ARPA/Air Force sponsored studies on the relationship between

fatigue and subsequent exoelectron emission have been finished. We

have demonstrated an exoelectron system for scanning along an aircraft

structure to detect cracks or crack growth during flight. This technique

has been extended to the monitoring of stress-relief annealing processes.

The first results of these studies have been published (publication 17),

and later results have appeared, May 1973 (publication 19).

The exoelectron-fatigue studies will be continuing with the support

of the Naval Air Development Center. The major topic of interest will

be the carbon composites that are being used for aircraft construction.

The silicosis aspects of the dust program have been discussed

in an earlier section. We anticipate that this work will continue with

the support of an industrial organization. Another activity, supported

by the City of Tucson and internal University funds involve' the genera-

tion of methane (natural gas) from garbage and sewage. Some use was

made of NASA owned equipment in this work and a copy of our report to

the City is attached. This paper was given at the El Paso Composting

Conference in May 1974 and it appears that the City will fund a larger

pilot plant study of the process. This is another example of the overlap

between the Space Program and research of benefit to the general public.

It is most important to note that the programs discussed above

were supported by a number of agencies, including NASA, the Air Force,

NSF, and the University of Arizona. The exchange of funds and equipment
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provided by the various programs has been of significant aid in many

facets of this research. In all.of these efforts the funding from the

NASA grant has allowed us to support important programs during the

intervals between other research grants. Without this long-term

assistance many of our studies would never have been started.

Another use of Laboratory facilities occurs in connection with

two courses taught by Professor Hoenig in Electronics and Instrumentation

for graduate students in the Zoological, Geological, and Medical

Sciences. These students use the Laboratory and its apparatus for

demonstrations and simple projects. Again, this would be impossible

without the long-term support we have received from NASA.
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ABSTRACT

We have investigated the electrostatic charge on freshly ground

industrial minerals as a function of particle size. It appears that with

most materials the one micron, respirable fraction, is negatively charged

and we suggest that the charge might be exploited for control of this

dust.

In a parallel study we have examined the mechanism by which

silica particles interact with lung tissue. The details of this process

including the potentiating and prophylactic effects of iron and aluminum

have been elucidated.

NOT k-ii-M
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I, DUST GRINDING STUDIES

In last years paper [1] we reported on experimental studies of

exoelectron emission (EEE) after grinding silica materials. At that time

the grinding and dust collection system involved a modified ball mill and

a vacuum pump to pull-off a sample of dust that was then deposited on a

grounded metal screen. The exoelectron emission from the dust was mea-

sured as a function of time for various silica, iron, aluminum mixtures.

We reported that the overall charge of the dust sample appeared to be

negative and that iron enhanced the electron emission while aluminum re-

duced it. At that time we had no way of separating the dust by size and

it was suggested that the emission-charging effects, that we observed,

might be due to the larger non-respirable dust fraction and had no appli-

cation to the problem of human silicosis.

In the past year we have modified an Anderson 2000* impact sampler

to allow us to measure the electrostatic charge of the dust fractions

collected at various levels in the sampler. Measurement of charge offers

several advantages over the observation of exoelectron emission, first is

the high input impedance of the charge measuring system which limits the

decay of the dust charge. A pile of dust has a very low electrical con-

ductivity and if EEE occurs from one layer of dust the charge of that

*The cooperation of the Anderson 2000 Company of Atlanta, Georgia
in helping us obtain this unit is gratefully acknowledged.

-1-



layer will be lost. The low conductivity of the dust prevents recharging

from the dust layers below the surface.

Another advantage of the charge measurement system is its ability

to detect positively charged as well as negatively charged dust, this was

not possible with the EEE system since it used a collector at + 90 volts

above ground. The dust analyzer and associated electronics are shown in

Figure 1, the charge analyzer was manufactured by the Trek Company of

Gasport, New York, their cooperation in helping us to adapt their equip-

ment to our needs is gratefully acknowledged.

A typical experiment involved grinding a sample with a clean

mortar and pestle and then pulling it into the Anderson sampler with a

small vacuum pump (the flow through the sampler was held at the value

suggested by the manufacturer). When the entire sample had been picked

up, the pump was stopped and the measurement began. The automatic se-

quencer switched the charge measurement system from one level of the

sampler to another. The charge at each stage was monitored by the Trek

unit and a chart recorder. The switching system made use of magnetically

driven reed switches operating in a make-before-break sequence to avoid

any surge that might drive the Trek system off scale, (the details of the

sequential electrical switching system will be published in the Review of

Scientific Instruments).

Typical results of a number of measurements of this type are

shown in Figure 2, the material here was silica sand and it is interest-

ing to note that the 1 micron, respirable dust is negatively charged.
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The larger fractions tend to be either positively charged or neutral.

Other data of this type on foundry dust, supplied by Mr. John Crable of

NIOSH, Cincinnati, is shown in Figure 3, we see again that the respirable

dust is negatively charged and the effect is somewhat larger than that

observed with silica alone. Similar results on shale are shown in

Figure 4.

Other data showing the decay of the negative charge on the 1

micron sized silica dust is shown in Figure 5. It is interesting to note

that the rate-of-decay of the 1 micron sized material is rather slow

indicating that this dust will still be charged when it reaches the

alveoli.

More data on.charge decay versus time for several industrial

materials is shown in Figure 6. Here we used "school samples" supplied

by Mr. John Crable and it is interesting to note that the foundry dust,

which we would expect to be contaminated with iron has the largest neg-

ative charge and a rather slow rate of decay with time. This is in

agreement with the results reported at last years meeting in Boston [1].

Other data showing the effect of added iron and aluminum on the

charge and decay of freshly ground, 1 micron, silica is given in Figure

7. Iron produces a higher charge and aluminum a lower charge, again in

agreement with the results reported last year. This "aluminum effect"

may be connected with the "well known" properties of aluminum for pro-

phylaxis of silicosis [2,3,4].
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Other data of this type, on a variety of samples, is being

obtained but the slides were not ready in time for the present meeting.

In general we observe that the 1 micron fraction is negatively charged

and the implications of this are worth consideration. If the respirable

fraction, that presents a hazard to the human lungs, is negatively

charged it might be possible to selectively remove that fraction quite

efficiently by means of a positively charged water fog. The studies of

reference [5 and 6] indicate that Charged fog is significantly more .

effective than uncharged fog in contacting respirable sized dust particles.

The effect here is two fold; first of course are the electrostatic

\effects. A charged 1 micron dust particle and an oppositely charged water

droplet of the same size will be attracted to one another by electrostatic

effects. This vastly increases the possibility that the water drop will

wet the particle and begin the agglomeration process that can bring the

particle to the ground. A second advantage of the charged fog system,

over conventional water sprinkling, is the smaller use of water and the

slow fall-out of fog droplets. Coarse water sprays are ineffective in

removing 1 micron dust because the rapidly falling drops actually sweep

1 micron dust particles out of their path rather than capturing them by

collision.

Another aspect of data on negatively charged 1 micron particles

is t'-- possibil4 ty that they could be levitated or at least delayed in

falling out by the negative electrostatic field of the earth itself [7).

If dust-cloud layers are to some extent supported by levitation [7], the
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addition of a positively charged fog would help bring the dust particles

down. This technique for dust removal will be investigated in the next

year of study.

II, THE MECHANISM OF SILICOSIS

In last years paper [1] we discussed some preliminary data on

the use of red blood cells (RBC) as a measure of the pathogenicity of

silica dust. This work has been extended and we have begun to unravel

the details of how silica interacts with RBC membrane. The details will

be published in Environmental Research but the results can be summarized

here.

A silica particle enters the alveoli and is immediately rendered

inert by a coating of protein material picked up from the lung. The

coated silica particle is recognized as a foreign body by the lung

defense system and a macrophage (modified white blood cell) engulfs the

particle so that it can be removed through the mucosal or lymph system.

After the coated silica particle has been engulfed by the macro-

phage a reaction between the lysosome (inside the macrophage) and the

particle destroys the lysosomal membrane. The contents of the lysosomal

sac attack the protein coating of the silica particle and the macrophage

membrane. The macrophage is destroyed and t'e silica particle i.- re-

leased into the lung tissue. The contents of the macrophage include a

fibrogenic factor that produces the disease we call silicosis.
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The phenomena is quantitative in the sense that a small quantity

of silica is gradually removed from the body by a series of macrophages,

each carying tie particle a short distance before it is destroyed. The

fibrosis that is induced is widely diffused and does not interfere with

breathing. If a great deal of silica is present there is intense local

fibrosis, due to the large number of dead macrophages, and the silica is

trapped in the familiar fibrotic nodules of silicosis.

The prophylatic effect of aluminum follows from the fact that it

provides the silica particle with a coating that cannot be removed by

the proteases in the lysosome. The particle is inert and the normal lung

clearance mechanism removes it.

The next phase of this study will involve the use of lung-

macrophage preparations to verify our results from the red cell studies.

In these experiments we will add several physical and chemical modifica-

tions of silica,to macrophage cultures. The amount of damage caused by

the macrophage ingested silica will be determined by microscopic exami-

nation.

Another goal of this investigation is the development of a device

for monitoring the hazard level of silica-containing dusts. The first

series of experiments for this phase will involve measuring the strength

of binding between different silica modifications and several well de-

fined high molecular weight polymers (a polyanion, a polycation, and an

uncharged polar polymer). This will be done by binding the polymers to

various silica preparations and then measuring the release of polymer as
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a function of pH, ionic concentration, and temperature. Subsequent

experiments will be performed to correlate the polymer binding ability

ana macrophage damaging capacity of various silica modifications.

Our previous findings concerning the mechanism underlying the

silica-membrane interaction leads us to predict that for one of the

polymers tested there will be a consistent correlation between the

strength of polymer binding and the macrophage dcnaaging properties for

each of the various silica preparations. If this proves to be true,

then such a polymer will form the basis for our dust hazard monitoring

device. This field-useable system would allow a dust sample to react

with the proper polymer and precipitate a dye. The intensity of the

color would be a direct measure of the hazard that the dust sample pre-

sents to the human lung. A test of this type would be more useful than

the conventional silica analysis which takes no account of the type of

silica or the presence of potentiating metals, i.e., iron or aluminum.

Our other goal in this project is the development of a sensitive

and specific blood test for the early detection of silicotic injury. Our

prediction that such a test is possible is based on our experimental re-

sults to date. We believe that when a silica particle is taken into the

lysosomal organelle of the macrophase, the silica particle is divested of

its coating of protein components by the various degradative enzymes of

the J.-sosome. We suggest that these intrace'lular proteins will be

denatured on the silica surface and will thereby present antigenic sites

which are unique to silica-injured tissues. The uniqueness of these

-7-



antigenic sites derives from two factors: First, the proteins will be

of intracellular origin; second, the proteins will be in a denatured

configuration. We base this prediction of a denatured configuration on

results presented by Schell [8] who has shown that when a protein is

adsorbed onto the surface of silica, it gains new antigenic sites--

presumably because it is in the denatured state.

The first question we will address ourselves to is: Are anti-

bodies produced against silica particles? We will approach this problem

by injecting charges of quartz dust, suspended in buffer, into the lungs

of rabbits. A month or more will be allowed for development of the

silicotic damage and any attendant antibody production.

At the end of this period a sample of rabbit blood will be taken

and an antibody fraction prepared. If the antibodies are present in the

blood of silicotic rabbits, our next step will be to determine if the

antibodies are specific for the silica-protein complex, released from

silica damaged membranes. If we can demonstrate that an antibody of this

type exists it may be possible to develop a blood test for early, human,

silicosis.

At present the detection of silicosis is often delayed until

significant lung injury has developed. An early blood test would elimi-

nate this hazard. A blood test would allow an employer to detect the

onset of the disease in an individual, who may be highly sensitive to

silica, before the damage from the disease is irreversable.
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APPENDIX 2

ANALYSIS OF ELECTROSTATIC LEVITATION EFFECTS



DUST LEVITATION CALCULATION

In reference 6, pg. 170, the authors consider the statistical

mechanics of a group of particles. Assuming Boltzmann statistics and

the perfect gas law, the authors derive the formula

N = N exp ( - mgZ/kT )
0

based on the potential $ = mgZ. This formula for the number of particles

at a level Z can be used to develop the adabadic law of the atmosphere

P = P 0 exp ( - mgZ/kT )

where m, g, k and T have their usual meaning and Z is the altitude.

If we consider a cloud of charged dust particles in an electro-

static field the potential becomes c = mgZ - QnE. Here Q is the unit

charge, m the number of charges per particle and E is the voltage gradient.

The (-) sign assumes that the electrostatic forces are opposed to gravity.

Assuming that the field gradient E can be approximated by E = bZ

yields a potential of the form

= Z ( mg - Qnb )

If we follow the analysis developed without a field the number density

becomes

N = N exp ( - mg + Qnb)
0 kT

where several constants have been absorbed into N 0.



The exponential term is clearly the important one in this equation

since the magnitude of mg / Qnb will determine the dust density profile.

If we calculate the numbers for a 1 micron silica particle we find

mg = 1.5 - 10-14 KgM/sec2

To obtain the value of Qnb we note that E = 150 V/M (ref 7) so

that b = 150 V/M 2 . This yields a value for Qbn = 2.4 n * 10- 1 7 cul volts/M 2 .

Any value of "n", the number of charges per dust particle, that makes the

ratio

mg < 10
Qbn

will result in significant dust levitation because of Stokes Law effects.

Using the above numbers

mg 625

Qbn n

The data of reference 3 indicates that many 1 micron silica particles

acquire over 100 electronic charges when blown through a platinum cup.

Under these conditions we can expect that significant levitation will

occur in the earth's atmosphere.
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7- THE UNIVERSITY OF ARIZONA

TUCSON, ARIZONA 85721

DEPARTMENT OF ELECTRICAL ENGINEERING

May 30, 1974

Mr. Tom Price
City Operations Manager
City Hall
Tucson, Arizona

Dear kr. Price.,

Enclosed please find one copy of our report on the

generaticn of methane (natural gas) from garbage and

sewage.. You will note that we obtained some 500 cubic

feet of gas (55% methane) from about 720 gallons of raw

sewage, or 0.7 cubic feet per gallon.

If we extrapolate these figures to the City of Tucson,
10

using 1972 data,we find that the City produced 10 gallons
9

of sewage. This would convert to 3.5 10 cubic feet of
10

methane or about 11.5- of the 3.5 10 cubic feet of gas

tha-t TOE sold in 1972.

This data is certainly on the conservative side

because we have not taken account of any process impro-

vements, the use of garbage,or sewage from Pima County.

In view of the above we suggest that production of methane

from sewage has significant potential for the City of Tucson.

We appreciate the opportunity to have made this

investigation. Your staff, especially Ir. R. Gerhart,have

been most cooperative.

Yours Truly

S EE
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Stuart A. Hoenig Charles F. Russ
Department of Electrical Engineering Department of Microbiology

The University of Arizona
Tucson, Arizona 85721

The support of the University of Arizona, The City of Tucson, M- Roy
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Abstract

The history of methane generation is reviewed and a discussion of

the Universitj of Arizona system is given. We have demonstrated that

appreciable quantities of methane can be generated by anaerobic digestion

of raw sewage and ground-up garbage.



Introduction

Methane formation is a unique event, confined to a relatively

small group of microbes which have morphological representatives

among the cocci, bacilli and spirillae[ 8 ]. Despite this uniqueness

however, the production of methane is widely distributed in nature,

being found in such anaerobic environments as the black muds of

swamps and lakes, in coal mines - trapped there during coal formation,

in sewage sludge systems, and in the digestive tracts of animals

especially ruminants[8 ]. It has been reported that in a large cow

which may have "100 liters of fermenting plant products in the rumen,"

that in excess of 200 liters of methane may be produced per day, which

amounts to an eight to ten percent energy loss to the cow 8]

The first reported case of methane production by man was in 1895,

when Donald Cameron built the first city-sized septic tank for Exiter,

England [41. This system removed eighty percent of all solids from the

system and earned Cameron the title of "pioneer in his field." The gas

from this tank was collected and utilized for street lighting in the

vicinity of the plantl4]

Later two tiered plants were developed, such as the Travis tank

at Hampton, England in 1905, and the Imhoff tank in the Emschere district

[4)
of Germany in 19071. These tanks provided for a flow through chamber

separated from the digestion chamber by baffles thus protecting the

effluent from the foul smelling materials produced by anaerobic diges-

tion |4). By the mid to late twenties the trend in treatment had turned

to a separate digestion chamber for the solids with the acceptance of

the Alvord tank[4)
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In these anaerobic digesters carbohydrates, amino acids, proteins,

lipids, and other nitrogenous compounds from living cells are broken

down to fatty acids, alcohols, carbon dioxide and hydrogen1 3 "8), by non-

methanogenic bacteria. From these compounds methanogenic bacteria

13,8]
synthesize methane The main volatile acids produced during

anaerobic digestion are acetic, propionic, and butyric acids with lesser

13]amounts of formic and valeric acids 3 . Propionic and valeric acids

have been found to derive from proteinaceous materials13]

The first isolation of a methane producing system was in 1916

by omelanski from rabbit feces in a medium containing one percent

ethanol as substrate [81. Later Baker isolated a similar system from

Delft canal mud and San Francisco Bay mud using an ethanol-carbonate

minimal enrichment medium with the name Methanobacterium omelanskii

18]
being given to these cultures .

In these cultures two moles of ethanol are oxidized to acetate and

the eight moles of hydrogen derived from this process are utilized to

convert carbon dioxide to methane. These cultures could also produce

methane from carbon dioxide and hydrogen alone, or if ethanol alone is

provided, with no carbon dioxide present, the system produces acetate

and hydrogen. Further it was found .that if a hydrogen atmosphere is

providcd no acetate is produced by the culture18]

In 1965 Bryant and Wolfe cultured M. omelanskii by the Hungate

technique in a rich medium containing rumen fluid. From this culture

an organism was isolated that was unable to oxidize ethanol but was
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able to produce methane from carbon dioxide and hydrogen [8 . Later

Bryant was able to isolate an organism from M. omelans.kii which could

produce acetate and hydrogen from ethanol but not methane. Thus it

was shown that Methanobacterium omelanskii was, in fact, two organisms;

the one, able to oxidize ethanol or acetaldehyde to acetate and hyi:-ogen

was called "S" organism and possesses both an ethanol dehydrogena . nd

a formate dehydrogenase requiring NAD for activity, it also requir-;s

the removal of hydrogen evolved from NADH via a ferredoxin dependent
[6]reactionl6) -from the medium by Methanobacterium strain M. O. H., the

second organism, which produces methane from hydrogen and carbon

dioxide 
6 , 7 , 8 ]

Natural enrichment of methane bacteria may be accomplished from

sewage-sludge, rumnen fluid, black muds, or intestinal contents via

the Hungate technique; the essential component of which is the complete

lack of oxygen [ . In this technique roll tubes of the appropriate

enrichment medium are prepared using a stream of carbon dioxide and

hdyrogen, plugged with rubber stoppers, sterilized, and innoculated

under a reduced atmosphere of carbon dioxide and hydrogen [ 8] .

All of the methane bacteria, with the exception of Methanosarcirna

barkeri, which prefers methanol or acetate, utilize hydrogen and carbon

dioxide or formate as their preferred substrate, organisms using propionate,

butyrate or higher fatty acids and alcohols are not represented in pure

cultures . Arinonium ions are used as the sole nitrogen source with

certain growth factors being recuired by some species 8 .
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Utilizing these substrate sources, continuous culture techniques

have been worked out for growing these organisms under anaerobic con-

ditions, giving yields of 50-60 grams wet weight per liter of medium.

Growth is slow, requiring about three days to attain log phase growth[ 8

The amount of carbon dioxide utilized equals the amount of methane

produced, however, the theoretical carbon to hydrogen ratio of four to

one has not been achieved but is instead around 3.7 to one , indicating

that a small portion of the reducing power comes from the medium itself.

Growth on formate presents problems of pH and gas formation. The medium

must be continuously buffered with formic acid to prevent it from

becoming alkaline, further four moles of formate are decomposed to

produce one mole of methane and three moles of carbon dioxide. Vessel

pressures increase which may cause vessel rupture or to blow its cork

causing violent frothing.

M. barkeri has been cultivated in two hundred liter batches

yielding fourteen grams of wet weight organisms in seven to fourteen

days. These organisms represent the highest levels for mass culture

of any methane bacteria to date, however growth on acetate by this

181organism is very slow 8 .

The p ysiology of these organisms has been studied extensively

to date using cell suspensions or cell free extractsI 6 ' 7 ' 8 ' 9) in

modified Warburg flasks flushed with mixtures of carbon dioxide and

hydrogen, gas samnples being rcmcved via kyp_-ac-je,<yringe for analysis
A

inlgas chromatograpiH. However to prevent prolonged lag in the reaction

rate the suspending buffers must be free of oxygen and exposure of

these CCIS -IuSt be !kCpt to a



-5-

Using cell free extracts the first substrate found to be active

in methane formation was pyruvate via the carboxyl group with free

carbon dioxide as the intermediate . The intermediary steps from

carbon dioxide to methane are not as yet understood since no inter-

mediates have been isolated. However, synthesis seems to be membrane

bound as postulated by Ze'ikus and Wolfe and that a certain

reductive co-factor (F420)-enzyme association is a general requirement

for the preservation of certain catalytic sites in these fastidious

non-spore forming anaerobes [1 .

Further, the formation of methane requires not only hydrogen but

ATP as well. A linear and direct relationship exists between ATP and

methane production , however once ATP is added further ATP is no

longer required, therefore its action appears catalytic[ 8 . In

addition to this, magnesium ions, vitamin B1 2 and a co-enzyme M, found

only in methane bacteria, are required for synthesis. The proteins

associated in methane production include ferredoxin, a carrinoid

protein and an as yet unidentified protein X 8 .

As was stated previously, the methane bacteria are the most

sensitive of all organjqms to oxygen. It has been suggested by Cheesc.Za.n,

et al.,1l that this sensitivity is due to a reductive co-factor involved

in NADPH reduction which dissociates from its enzyme association in the

presence of oxygen. ] . Uncouplers of oxidative phosphorylation also

inhibit methane production , chloroform and carbon tetrachloride

serve as competitive inhibitors reacting with 12 . Nitrate and sulfate

also serve as inhibitors in methane formation though the mechanism is

not well und ertodn 4
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A number of groups, in and out of the United States, are investi-

gating the generation of methane from garbage and sewage materials. A

copy of the program of the El Paso meeting is attached to this report

as an appendix. It will indicate the organizations and topics involved.

Experiments at the University of Arizona

The use of these organisms for the production of methane from sewage

presents some unique problems. Initially the decision was made to use

a batch load digester. An elevation of the digester is attached as

Figure 1. The chamber measures seven feet in diameter and four feet deep

and is painted black for heat absorption. It is equipped with a carbon

dioxide aeration device, a temperature probe and recorder, a gas meter

to measure flow rates and obtain gas samples, a calorimeter to measure

heat capacity and a sampling well from which pH, buffering capacity,

volatile acids, chemical oxygen demand (COD) as total carbon sulfate

and nitrate may be determined.

Initially the tank was'buried in the ground with the hope that

the exothermic heat of decomposition would raise the temperature to the

proper operating level of 300C (80 0 F). This did not prove to be the

case, primarily because the sewage level was 1 1/2 feet below the

exposed cover.

To overcome this problem, a solar heater made of 100' of 1 inch

platic pipe 'as obtained and a clrculatin, pump was added to the system

to move the liquid thru the pipe. This pumping action helped mix the

slurry in the digester. The pump and heater increased the temperature
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ten degrees centegrade from twenty to thirty degrees in nine days. The

COD was also found to rise, probably due to more complete mixing.

The batch digester was loaded to a capacity of 720 gallons with a

ratio of seven to one, volume to weight, with sewage-sludge and garbage

The pH range of our system ranged, to date, between 6.8 to 7.7 with

one peak at 10.3 after the addition of fifty pounds of lime to reduce

volatile acid concentrations. The buffering capacity of the system

ranged. between 1780 ppm to 3020 ppm titrated to pH 4.51 5 1 as determined

on the Hatch DR-EL direct reading portable Engineer's Laboratory.

Volatile acids ranged from forty-eight mg/l to 3722 mg/l. Lime

was added initially to decrease volatile acids but was found

to increase pH unacceptably. The addition of carbon dioxide to the

system depressed pH while increasing both COD and volatile acieds.

Nitrates were found to be at levels too low to affect methane

production (6 ppm), however, sulfates, at 325 ppm, were found to be

unacceptably high, and methane production did not initiate until

their level dropped below 100 ppm. Tap water in the Tucson area was

found to contain 140 ppm sulfate and sewage had 250 ppm indicating

that sulfates will continue to be a problem in a continuous flow

digester.

Operational parameters for the system were arranged to provide

the proper plH and volatile acid level. The optimum p1H range for

,methane production is between 6.4 and 7.2, below pli 6.0 and above 8.0

methane production declines rapidlyl3]. The buffering capacity of the
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system must also be measured to determine the system's resistence to

pH change31. Concentrations of volatile acids should be maintained

between 100 and 300 mg/1 (as acetic acid) for optimum digestion,

concentrations above 2000 ppm cause a total collapse of the system. In

general, a rapid rise in volatile acids indicates impending collapse of

(2,3,4]
the system

Reduction of volatile acids may be achieved by addition of lime,

which will also increase the buffering capacity, however, ammonium

bicarbonate is somewhat superior to lime in that it may also serve as

a substitute source for the system [3] . Carbon dioxide was found to

increase volatile acids and depress pH to an unfavorable degree.

Further, the ratio of methane to carbon dioxide should be measured

since it is as important a parameter as the gas volume itself. (Any

decline in the rate of gas production, from a constant value accom-

panied by a change in the methane to carbon dioxide ratio, is indica-

tive of unbalanced conditions and preceeds an increase in volatile

acids by twenty-four hourst 3 ] .) The pH of the samples were measured

on a Leeds and Northrup pH meter; and volatile acids measured via

Standard Methods 1 5 ]

The COD via the dichromate reflux method in Standard Methods [ 5]

appears to be the most favored method for expressing the amount of

oxidizable material contained in waste [3]. Nitrates and sulfates

were measured as inhibitors to methane production [4 via the Hatch

DR-EL process.



-9-

The gas itself was periodically analyzed by bringing samples to a

mass spectrometer. The analyses were done by Mr. Godfrey Sill of the

University of Arizona Lunar and Planetary Laboratory, his assistance

is gratefully acknowledged. 'Typical composition percentages were:

Methane, 55 percent; Nitrogen (1,;2 gas), 35 percent; Carbon Dioxide,

18 percent; Sulfur Dioxide, Hydrogen Sulfide and Hydrogen gas at much

less than one percent as determined on a mass spectrometer. Gas

production continued. for some 50 days with a total measured output of

500 cubic feet. This does not account for gas lost during modifications

and necessary opening of the reaction tarnk. During the gas production

cycle we observed a significant drop-off in both COD and volatile

acids. The changes in these parameters over an 80 day period are shown

in the attached Figure 2.

CONCLUSIONS AND PROPOSED FUTURE STUDIES

The results, from this somewhat primitive study, indicate that

significant quantities of combustible gas car be obtained from a mixture

of raw sewage and garbage.

Future plans involve the use of a continuous-flow digester

supplied with a mixture of ground garbage and sewage-sludge fed into

a large pit lined and covered with Hyvpalon and equipped with float

hoses for the collection of gases. A schematic of the proposed

sys~ni and layout of a typical digestion systcm are shown in

Figures 3 and 4.
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In view of our high sulfate values it might be feasible to add a

pre-chamber with a 2-day retention time to the system. The chamber

would be seeded with Desulfovibrio so. to eliminate sulfates as

hydrogen sulfide gas before the slurry is allowed to enter the digester

proper. Further, the feed slurry should be concentrated to a total

carbon content, as COD, of /o,oo - 20,000 parts per million carbon [ 21

instead of its current average of 1,000 milligrams per liter carbon.

This will significantly enhance methane gas production.

With a continuous-flow system the need for daily monitoring of

volatile acids, gas production, carbon/nitrogen ratios, buffering

capacity and pH will become essential. Later, when the continuous-

flow digester system becomes large enough it may become feasible to run

a small laboratory model plant using seed stock from the digester and

the proposed feed mixture to determine whether the sewage-garbage

mixture contains inhibitors to methanogenesis before it is fed into the

digester. This modification will necessitate the addition of a twenty-

four hour holding chamber placed after the aforementioned pre-chamber

to hold the feed stock until it has been found clear of inhibitors

(24 hours).

As to the gas produced by anaerobic digestion, after collection it

may be passed through a basic solution of sodium hydroxide or preferably

amr onium hydroxide where the carbon dioxide will be removed as its

respective carbonate and may in this state be utilized to increase

buffering capacity and provide additional feed stock.

The sludge from the digester has commercial value as a fertilizer

and could be ued to a:n nt the cost of ocratio-n fo the plan!. e
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liquid effluent could be used for agriculture if some minor additional

treatment is provided.
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FIGURES

1) Schematic Drawing of the Digestion System

2) Gas Volume, COD, Volatile Acids and SO 4 from the Reaction Tank

Over An 80 Day Period

3) Schematic Arrangement of the Proposed Digestion System

4) Elevation Drawing of the Proposed Digestion System
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APPENDIX: PROGRAM FROM THE COMPOSTIN G AND WASTE RECYCLIING CONFERENCE
May 2-3, 1974, El Paso, Texas
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r: 1 3. 1074 " "Where We Woud'Li!'e To Be In Compostin3 And Recycling
. Jerome Goldstein, Executive Editor, Rod;ic Press

Pll confcrence sessions, luncheons and meetings will be held at:

raon El Paso Motor Inn, 4151 N. Msa, Highway 30-85180 . .Chicao's Prairie Plan-Why Does It Work And What Does It
V.e;t, El Pa.o. . ' 'IV ':n To Olthr Cities?

Frank Kl i rna, Engl of Planning, Chicagqo Metro Sanitary Dis.

WED" AY AY 1 7.,--: 0 .m. to 10:30 p.m. Political Aspects Of Composting Vs. Landlill
-. r ._l "deAnthony Nollect, President, All-American Env. Control

• Fr-Registration nd Get-Togetlher
Corp.

Fil is: "Cornposthiric"Fi: ComoComposting And Waste Recycling In iAexico
'"Walih from Wastes" " Joaquin Tello, Dept. of Health, Education and Welfare,

"T.he Lvig Filtr" Sanitary Eng. Branch, Mexico City
"Lo;king for Organic America"

*: Evaluating enefits Of Applying Siudtige Onto Farmland

Ken Dots'n, ::;aarch Soil Scientist, Ultimate Disposal
TH URS.Y \ r,A'Y 2. 197 4 . . Research Prcqran, EPA, Cincinnati, Ohio

8:;C. ..m. to 39:00 a.m.-Registration .• ,. - . Composting So:wage Slud,;c-Second Year Report

i N -.' . . Jo!m Walker, Georc( Will:on, Eliot Epstein, Agriculture

V.l re "'b" Are Today In Composting And Recycling " Reearch Service, Uctsvillc, Maryland

Maurie Franz, vlanjging Editor, Rodale Press . Panel Discussion:
Develolping Guidelines

bic logical Rec-ions In Waste Recovery Systems Socil Factors
,.Socil Factors

Cl'irence Golucke, Sanitary Engineering Research Lab., Ecooic Factors• Economic Factors
3:,i'.crs1ty of Cza.ifornia

riy o Ciorni Environmental Factors

rluthan .e Gas Production Is Part Of A MRcycling Syste.m * Political Factors

Lu:is Die. Di ia'rtment of Mechan:ical Engineering,
UniversiLy of California -QUESTIONS-

Prp t..e..! ..ethan, Recovery * . EVENING SESSICN 8:00 p.m.
Ra ,.u! Zitzm, Dcpartnicnt of Civil Engineering, WestRu itm D rtment of ivi Engineering, West The Southwest Looks At Composting And Waste Recycling -

Vi UWith Emphasis on Fuet and Energy Production

Dc:;ign For M.thane Recovery And Fertilizer Production System .odrator: R. L. York, REERIO, V.P. of Education

In rueson, Ariz. Modrator:. . York, Pso EERIO, V.P. of Education:

St',uart Hounig, Department of Electrical Engineering,. Sr. V.P. of El Paso Electric Company, El.Paso, Texas
UnJiversity of Ariz. . Muinicipal WasIt-Joseph Pierce, Proglram Mgr.. Solid

A TmalP Tow.n Turns To Composting Aind Recycling provste Mnt Agmency. Section, New Mexico

Robert E. Reid, Councilman, Broo:khaven, New York Improvement Agency. Santa Fe, New Mexico

Agriculurl V,ste --Charles M. Holhn, Ext ension
-DISCUSSION-- . A!ricultural En!inr::, Ncw Mexico State Uni-

versity, Las.Cruccs, .New Mexico


